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Few-wall carbon nanotube (CNT) textiles with unparalleled graphitic perfection and a solitary, prominent 
radial breathing mode (RBM) associated with metallic chirality have been mechanically stretched in 
chlorosulfonic acid (CSA) to a degree so far unseen in CNT textiles (150 to 250% of original length) with 
notably little tension required. This dramatically enhanced their microstructural alignment and density 
and, after most of the residual CSA was removed by a vacuum bake, the de-doped fiber’s electrical 
conductivity was found to be 45% greater than single-crystal graphite – a significant milestone for CNT 
conductor development towards graphitic intercalation compounds (GICs) and traditional metals. 
Correlation tables and validated, multivariate statistical models show that conductivity is overwhelmingly 
linked to stretching degree, although eventually saturates near single-crystal graphite levels, implying the 
existence of a maximum undoped conductivity. The degree of stretching within CSA is correlated with the 
original mechanical properties (tenacity, elongation-to-break, and linear density); the Raman G’:G ratio 
and the upper-end oxidation temperature in thermogravimetric analysis also predict the best results. Less 
graphenically pristine CNT materials stretch to a lower degree in CSA, similar to previous reports. This 
study highlights the importance of post-synthesis processing to achieve superior performance in carbon 








Electrical cables assembled from carbon nanotubes (CNTs) are sp2 carbon-based bulk conductors with 
electronic transport confined in less than three dimensions. This resembles older sp2 carbon bulk 
morphologies where the dimensionality of electronic transport is also confined, such as graphite 
intercalation compounds (GICs) and iodine-doped polyacetylene (IPAC). GICs are typically highly 
crystalline graphite or carbon fiber where electron-accepting chemical species reside between graphene 
planes in ordered stacked stages; the highest reported room temperature conductivities reached 150% of 
copper [1] [2] [3] [4] [5] [6].  IPAC is an assembly of one-dimensional conjugated carbon chains with 
electron-accepting iodine residing between chains  [7] [8] [9]; the highest conductivity IPACs reached 25% 
of copper’s conductivity. CNT cables share sometimes opposing features of either GICs and IPACs. Like 
GICs for example, they have a non-negligible conductivity before doping that increases only several times 
after doping [1]; IPAC is initially insulating and, after doping, its conductivity can increase by over a billion 
times in some cases [9]. CNTs, like IPAC, have a mechanical strength proportional to their conductivity 
[10] [11], while the inverse is true for the graphitic host structures of GICs [12] [13]. For both GICs and 
IPAC, the greatest post-doped conductivity was always associated with the greatest microstructure order 
of the sp2 carbon host. Before doping, the best GICs were typically annealed at graphitization 
temperatures (> 2000 °C) in inert atmospheres to increase the size of graphitic crystallite grain regions 
and ABAB stacking of the graphene planes [1]. The highest conductivity IPACs, before doping, required 
mechanical stretching six to fifteen times their original length to sufficiently increase the microstructure 
alignment [11] [14]. The best CNT textiles have reached only 14% of copper’s conductivity [10] and have 
yet to be mechanically stretched to the same degree as IPAC, despite the similarity as a high aspect ratio 
quasi-one-dimensional molecule. A multiwall CNT (MWCNT) film, for example, in a solvent under a tensile 
load can increase in length 22 to 40% [15]  [16] and SWCNT films can increase to 80% of their  original 
length [17]. Chlorosulfonic acid (CSA) is the only known solvent for CNTs, causing them to protonate, 
electrostatically repel [10] and de-bundle [18]. Treating CNTs with CSA and then applying a tensile load 
up to now has led to a 15% length increase [19].     
Recently, our group has found a general method within floating catalyst chemical vapor deposition (FC-
CVD) for creating relatively large yields (> 3 g day─1) of few-walled CNT textiles with a high degree of 
graphitic perfection and a sparse population distribution of diameters indicative of metallic enrichment 
[20]. For our so-called “high-hydrogen” CNT material (named for the relatively high hydrogen flows 
required to make it), there is one strikingly prominent radial breathing mode (RBM) at 152 cm─1 (under 
785 nm excitation, indicative of a metallic chirality via Kataura plot) and a D peak substantially smaller 
than the G peak (relative to a typical FC-CVD-derived spectrum, figure 1). The striking prominence of the 
152 cm─1 RBM indicates that the tubes giving rise to this peak are in resonance with the laser. Typical G:D 
ratios for high-hydrogen material averaged 45, although values up to 120 were not uncommon. These are 
high values particularly in light of the 785 nm long Raman excitation wavelength, where G:D typically 
decreases with increasing Raman wavelength for graphite and high-quality CNT textiles  [21]. Past 
research on this reactor previously generated predominantly metallic SWCNTs based on specific sulfur 
precursors becoming available sooner to the agglomerating catalyst [22]. We found that the high-
hydrogen material could be generated independent of the carbon fuel (n-butanol, toluene, or benzyl 
alcohol) and sulfur-based promotor (thiophene, carbon disulfide, or elemental sulfur). The general 
requirements were sufficiently low molar fraction of the sulfur promotor and a high hydrogen carrier gas 
flow rate to drive precursors faster into the reaction zone [20]. Mechanical and electrical properties of 
the high-hydrogen material were low, however, compared to other CNT materials (figure 1), presumably 
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due to lack of microstructure alignment. We posit that a post-process alignment step would improve high-
hydrogen electrical and mechanical properties.  
In this paper, we present a processing step that can be applied post-synthesis for the microstructure 
alignment and densification of our high-hydrogen material by mechanical stretching in a CSA bath. While 
several previous reports have discussed stretching of CNTs in CSA [19]  and, in general, processing using 
CSA [10] [18] [23] [24] [25],  this current work is noteworthy because of: 1) the extreme degree of “taffy-
like” mechanical stretching not seen before with CNT textiles (up to 250% of original length), accomplished 
exclusively with “high-hydrogen” materials; 2) the extrinsic enhancement of a novel CNT textile category 
– the high-hydrogen material. In the as-is state, high-hydrogen material has remarkable Raman spectra, 
although material properties such as specific conductivity and tenacity are relatively low. This is likely 
stemming from lack of microstructure alignment from the non-continuous, low draw speeds that high-
hydrogen material seems to require. Only after our alignment post-process does high-hydrogen material 
have a competitive specific conductivity and tenacity, as we will show. In [20], which is under review, we 
show that as-is high-hydrogen material has multiple indicators for predominantly metallic chiralities. 
While complementing, this paper does not necessarily rely on these markers; instead, we highlight high-
hydrogen material’s notable Raman spectra and demonstrate its unique stretching in CSA. Note we de-
dope the CSA-assisted stretched material with an overnight vacuum bake that removes most of the 
residual CSA. While this treatment approximately halves the conductivity, it mitigates the complex 
influence of doping chemical species. After stretching and de-doping, the CNT textile’s electrical 
conductivity is up to 45% greater than single-crystal graphite and approximately an order of magnitude 
higher than before stretching. We consider univariate correlations and multivariate models of 
conductivity as functions of as-is material parameters and CSA processing steps. The multivariate model 
is a heuristic, 2nd order polynomial expression fitted to the multivariate data, useful for uncovering 
complex relationships potentially obscured under univariate analysis, while also enabling a predictive 
capability. These fitted polynomials are selected from a pool of polynomials generated by the variables 
representing as-is material parameters and CSA processing steps, which were selected for their optimum 
statistical significance using generalized regression techniques. We find that the degree of stretching is 
the dominant predictor for specific conductivity, although all trends eventually saturate to a limiting 
specific conductivity near iron and single crystal graphite. The degree of stretching is primarily predicted 
by the as-is mechanical properties before the CSA bath (as-is tenacity, elongation to break, and linear 
density).  As-is Raman G’:G ratio is a good marker for post-treated stretchability and conductivity. The as-
is upper-limit graphitic oxidation temperature in thermogravimetric analysis (TGA) is also a good indicator 
of post-treated stretchability and conductivity, as well as tenacity. Noteworthy, and contrary to other 
findings [10] [26], the as-is Raman G:D ratio has little influence on the stretched material properties; 
further, the tenacity is not impacted by the stretching degree.  
Experimental Methods 
CNT production. We generated CNT fibers via FC-CVD with a vertically-oriented mullite tube furnace, with 
inner diameter (ID) 65 mm and length 1500 mm. Precursors were mixed into a single liquid solution and 
injected via a pump from the top of furnace together with preheated (150 °C) hydrogen gas, where the 
injector is a stainless steel (SS) pipe with outer diameter (OD) ¼ inch and length 135 mm, as measured 
from the top-flange of the vertical mullite tube. For fuel, ferrocene powder was mixed with various carbon 
sources (either toluene, benzyl alcohol, and n-butanol) and sulfur compounds (either thiophene, carbon 
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disulfide, or elemental sulfur) in varying concentrations (typical for high-hydrogen material: benzyl alcohol 
(20 mL), thiophene (0.314 mL), and ferrocene (0.956 g) yielding the following concentrations: C:S 362.7, 
S:Fe 0.76, C:Fe 276.6 [20]). Hydrogen flow was in the range of 1 to 5 L min─1, although the high-hydrogen 
regime started above approximately 2.5 L min─1 and best results were typically at 5 L min─1. To produce at 
least a partially spinnable or continuous fiber, the fuel was metered at 20 μL min─1 for every 1 L min─1 of 
hydrogen. This ratio could change by 20% before complete loss of fiber continuity. This reactor had a 
single temperature zone set between 1270 and 1300 °C, although this was typically set to 1290 °C.  
At the bottom of the FC-CVD reactor was a cyclone generating compartment called a gas valve that 
consisted of several tangential lines of alternating nitrogen flow and suction. This gas valve enabled the 
CNT aerogel forming within the tube to be continually extracted as a fiber outside of the reactor, while 
keeping the reactive gas environments of the reactor and outside air separated. Fiber was drawn and 
collected onto a bobbin-roller at a linear speed of 5 to 30 m min─1 (typically 20 m min─1). After collecting 
material for between 5 and 30 min, the resultant mat was manually compressed and densified around the 
roller without any condensation from solvents. This results in a smooth, opaque CNT mat with partial 
microstructure alignment. Further details of the FC-CVD reactor with mixed liquid fuel injection and high-
hydrogen material can be read here [20]; we also used another similar FC-CVD reactor to generate high-
hydrogen material based on mixing precursors in a vapor/gas phase, details can be read here [27] [28].  
CSA-assisted stretching and vacuum bake. Now we detail the CSA-assisted stretching technique (See 
supplemental material for a video demonstration). The partly aligned CNT film was laser cut (SPI G3 1 μm 
fiber laser marker) into CNT ribbons 4 mm wide and typically 70 mm long. The ribbon thickness was 
variable and depended greatly on CNT reactor conditions and overall collection time; the CNT ribbons 
were therefore weighed to record a linear density. The CNT ribbon was placed onto the end of a scissor-
like apparatus (see figure 1) made from PTFE. This end of the PTFE apparatus would soak and stretch the 
CNTs in a 90 mm wide petri dish of CSA, while the other end is manually spread apart. Mechanically 
clamping the CNTs to the PTFE scissor-ends was not straightforward because the CNT ends tended to slip 
out from any PTFE-made clamp when tension was applied in the CSA bath. We found that placing PTFE 
bolts through the CNT ribbon and fastening with PTFE-made nuts successfully prevented any slippage 
from the clamps. Typically, after threading and bolting, the CNT ribbon started as 30 to 40 mm long within 
the PTFE scissor tool. The CNT ribbon within the CSA bath was manually stretched to the greatest degree 
possible, as subjectively determined before any major visible tearing would occur. In many cases the edge 
of the 90 mm wide petri dish was reached before the CNT ribbon was fully stretched. After the soaking 
and stretching, the CNT ribbon was transferred to a chloroform bath to wash out most of the CSA (typically 
0 to 100 min). Next, it was transferred to an acetone bath (typically 1 to 50 min) and then set out in air, 
where rapid evaporation of the solvent would condense the stretched ribbon. Even after drying in air, it 
was found that a considerable amount of acid and solvent remained trapped in the stretched material. In 
some cases, the wet material was rolled between a PTFE cylinder and PTFE sheet multiple times. Drying 
with a 300 °C vacuum oven overnight restored the material to within 10- 20% of its original weight and 
removed any residual acid that potentially influences the conductivity haphazardly and sub-optimally.   
Measurement details. The following describes the measurement procedures for our CNT materials in 
both the “as-is” state following production and after CSA processing.  
Raman spectra were collected with an unpolarized Bruker Senterra Raman spectrometer at 785 nm laser 
excitation (20× objective, 5 s integration time, 5 accumulations, 10 mW laser power at 5 different 
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measurement points on the sample). The G:D ratio was calculated by measuring integrated area under 
the curve, after a base line subtraction. Procedural details can be referenced here [21]. The G’:G ratio was 
calculated by simply dividing the peak heights, and the G’ position was also recorded. Scanning electron 
microscopy (SEM) was carried out using an FEI Nova NanoSEM at 10 keV.  
Because of the large number of as-is samples, thermogravimetric analysis (TGA) of as-is material was 
systematically collected with a TA Q500 TGA under dynamic heating conditions and synthetic air to 
1000 °C. Remarkably, with our typical dynamic heating ramp rate up to 1000 °C, CSA-assisted stretched 
CNT material would still remain and would keep a high G:D ratio. A possible explanation is that the 
material is so dense that only the fiber surface is exposed to air and the graphitic perfection makes the 
burn at the surface relatively slow. Therefore, for those limited number of samples that were being 
directly compared with CSA treatment, we use a constant heating rate of 5 K min─1. TGA data considered 
in this paper include the amorphous carbon content (minor peak that burns typically between 300 and 
450 °C), as well as remaining residual catalyst. As for the graphitic populations in TGA, the complex and 
varied nature of the TGA peaks make their consistent and bias-free representation as listable metrics 
challenging. Developing more systematic cataloging of fitted TGA peaks is a focus of our future work. In 
this paper, for simplicity, we simply record the start and end temperature of all the CNT oxidation events 
within a sample grouped together, as determined by the TGA trace deviating from the baseline.  
Linear density (mg mm─1) of laser cut ribbons was measured using a Sartorius microbalance; the resistance 
per millimeter (Ω mm─1) was measured using a four-probe Keithley multimeter and home-built test stand. 
Specific conductivity was calculated using ((mg mm─1)×(Ω mm─1))─1. Specific conductivity, or conductivity 
divided by density, is a more practical metric than conductivity because it accounts for  density and does 
not require measuring a variable cross-sectional area [24] [28]. As a measure of anisotropy [29] of the as-
is material, we also measured the conductivity orientation parameter, defined here as the specific 
conductivity measured with the spinning direction divided by the specific conductivity against the spinning 
direction. Tenacity (N tex─1) of the acid stretched material was measured using a Hounsfield tensile tester 
with a 250 N load cell. The gauge length was typically 10 mm with a separation rate of 1 mm min─1. 
Custom-built clamps fastened the ends of the fiber as it is pulled apart, aided by tabs glued to the fiber’s 
ends for better grip support. Tenacity (N tex─1) and elongation to break (%) of the as-is material was 
measured using a Favimat tensile tester (Textechno, Germany) with a 210 cN load cell. The percent length 
increase was calculated by measuring the length of the as-is CNT film/ ribbon held without slack between 
the PTFE clamps before CSA treatment; then again after the CSA-assisted stretching and subsequent 
solvent baths. The difference between the two was divided by the original, as-is length. 
A database was created (see supplemental information) to keep track of the material properties after 
CSA-assisted stretching, as well as the associated material properties before CSA-assisted stretching (as-
is) and specification of the CSA-assisted stretching processing steps. The dataset is explored using JMP 
data analysis software [30]. We first considered univariate correlations and then consider validated, 
multivariate statistical models to complement. The multivariate model can uncover complex relationships 
potentially obscured by univariate analysis and provide a predictive capability that yields a maximum 
possible performance. Because of the intercorrelation between the as-is material properties, models were 
constructed by generalized linear regression (Estimated method: adaptive LASSO) under K-Fold or 
Bayesian Information Criteria (BIC). Here, a response surface is formed from the most statistically 
significant polynomial terms – down-selected by the generalized regression methodology from a larger 
pool of polynomial terms. The larger pool of 2nd order polynomial terms are generated from the as-is 
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material parameters (as-is conductivity, tenacity, elongation to break, orientation parameter, amorphous 
carbon percentage, graphitic burn start temperature, graphitic burn end temperature, residual catalyst, 
G:D ratio, G’:G ratio, and G’ position) and CSA processing parameters (percent length increase, CSA 
bathing time, chloroform bathing time, acetone bathing time, CSA’s cumulative number of stretches, 
number of rolls in roller, and linear density). A model is judged based on its predictive power. For model 
validation, 25% of the dataset was randomly selected as a test set before model construction. After term 
selection and fitting, the measured values were compared against the model’s predicted values with this 
unbiased test set to guard against overfitting. R2 is a metric judging how closely a model fits the data; a 
higher value means a better fit, and smaller R2 values will arise from imperfect models, unknown factors, 
and system noise. The adjusted R2 penalizes the addition of an excessive number of factors into the model, 
which generally and arbitrarily increases R2; the adjusted R2 can be equal to or less than R2. The test set 
R2 is the standard R2 generated by using data not used for fitting and model building. It is possible the 
model fits to noise in the system and, when the unbiased data is entered into such a model, it will result 
in a lower R2 than the one generated from the primary dataset.  
 
Figure 1. As-is properties of the “high-hydrogen” CNT material and more typical “low-hydrogen” CNT material. A, The as-is 
Raman spectra of the high-hydrogen CNT material with its prominent radial breathing mode (RBM) at 152 cm─1, followed by 
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multiple overtones, and an exceedingly small D peak for 785 nm Raman laser excitation [21]. As explained in [20] it has 
signatures of metallic metallicity enrichment.  B, example of a typical “low-hydrogen” Raman spectra from our FC-CVD 
reactors; this material stretches marginally in CSA similar to other published work [15]  [16]  [17] [19]. C, histograms of as-is 
conductivity, tenacity, and elongation-to break of both material classes. Note that the as-is material collected here is aero-
gel drawn on a rotating mandrill and is afterwards manually smoothed over as a mat. More sophisticated extraction 
involving online fiber tensioning and acetone condensation can achieve 2 N tex─1 [27].  Scanning electron microscopy (SEM) 
photographs of d, high-hydrogen material and with e, low-hydrogen material. F, photograph of the laser-cut CNT strip held in 










Figure 2. a and b, SEM photographs of before and after the CSA-assisted stretching showing improvement in microstructure 
alignment and densification. C, histograms of the percentage length increase for the high-hydrogen CNT material and low-
hydrogen CNT material during CSA-assisted stretching. We find that only the high-hydrogen material stretches to an extreme 
degree. D, histograms of as-is and post-treated specific conductivity showing the magnitude change in conductivity that 
compares to single-crystal graphite. E, plot of conductivity before the vacuum oven bake versus conductivity after the 
vacuum oven bake. This shows the doping influence of residual CSA. F, histograms of as-is and post-treated tenacity showing 
substantial improvement. G, conductivity versus tenacity of as-is and CSA treated CNT material. H, TGA curves (blue) with 
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mass in percentage and its derivative (orange) for as-is material and CSA-assisted stretched material. I, plot of the as-is 
Raman G:D ratio versus post-treated, showing degradation after CSA exposure. J, conductivity versus Raman G:D ratio 
between various combinations of as-is and post-treated states. Plots are also accompanied by a Pearson correlation 
coefficient and probability in blue (bold indicates statistical significance with probability less than 0.05).  
Results and Discussion 
Stretching degree. CNT strips were mechanically stretched in a CSA bath using a manual scissor tool made 
from polytetrafluoroethylene (PTFE), as described in Experimental Methods section above. After the CSA-
assisted stretching, samples were soaked in chloroform, followed by acetone to rinse out CSA and densify 
the material. In a few circumstances, they were then mechanically densified with a PTFE roller. 
Afterwards, all samples were vacuum baked overnight to remove any residual CSA and solvents. Samples 
after this vacuum bake are termed “post-treated.” Figures 2a and b show representative SEM micrographs 
of before and after the post-treatment: the post-treated CNT textiles have increased alignment and 
density, while bundle edges are less defined. While there are many techniques to quantify  microstructure 
alignment, such as X-ray diffraction [31] and Fourier transform analysis of scanning electron microscopy  
[32], here we used  established techniques with polarized Raman spectroscopy [33] [34] (see 
supplemental section 1 for further description and results). We found a positive relationship between the 
anisotropy indicated by the polarized Raman signal and the degree of stretching. For example, as-is 
material had a Raman anisotropy value of approximately 3 and material stretched over 150% percent 
could have a Raman anisotropy value up to approximately 15.  
Figure 2c is a histogram of the percentage length change from the stretching process. We always stretched 
to the maximum degree possible, either to the point tearing would start or the edges of the petri dish 
were reached. Stretching to 100% of the original length was common with high-hydrogen material, while 
in some cases stretching up to 250 % was possible. Typically, similar to taffy candy, high-hydrogen samples 
stretch with little tension required. Stretching of more-typical, low-hydrogen CNT material (with broader, 
lower, or no RBM populations and lower G:D ratios) required manually-applied tension and only stretched 
to a maximum of 50% (see histogram, Figure 2c), which is similar to other stretching results in CNT 
literature [15] [16] [17] [19]. Later in this paper we show that the maximum degree of stretching in CSA is 
related to the as-is mechanical properties, such as low tenacity and high elongation to break under tensile 
load in normal, dry conditions. Typically, as-is low-hydrogen CNTs have better microstructure alignment 
and resultantly higher as-is tenacity and elongation to break (see figure 1c) compared to as-is high-
hydrogen material. On first inspection, it could be argued that high-hydrogen material’s uniquely large 
degree of stretching in CSA is simply from its lack of microstructure alignment and as-is mechanical 
properties. In the supplemental section 2 however, we plot the percentage length increase for stretching 
in CSA versus the as-is elongation to break, for both high and low-hydrogen material. As shown, there is 
a significant correlation for the high-hydrogen samples and none for low-hydrogen. This is also the case 
even when we specially produced low-hydrogen material under particularly low reactor winding or 
extraction speeds, yielding atypically low as-is tenacity and high elongation to break, and then stretched 
in CSA.  We conclude that the high-hydrogen material’s uniquely large degree of stretching in CSA over 
other CNT materials is not from some prosaic lack of microstructure alignment or as-is mechanical 
properties, but rather from some intrinsic feature of the high-hydrogen CNTs themselves. It was pointed 
out previously [10] [35] that only few-wall CNTs with a high degree of graphitic perfection protonate 
successfully and dissolve into CSA solution; our results with the high-hydrogen material are possibly a 
similar manifestation of this phenomenon, although our CNTs never disperse into a solution likely due to 
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their long tangled nature. From now on our discussion will just consider the acid-stretching of high-
hydrogen material.  
Conductivity. Figure 2d shows specific conductivity histograms of both before and after the post-
treatment. From the as-is state, there is an order of magnitude enhancement where now a significant 
portion of the specific conductivity distribution is above the specific conductivity of single-crystal graphite 
(1100 Sm2 kg─1) and at its maximum reaches 45% higher (1595 Sm2 kg─1). This de-doped conductivity is 
comparable to the highest reported floating catalyst derived material that is accompanied by some non-
doping post-processing, namely: rollers (1700 Sm2 kg─1 [36]), drawing dies (1770 Sm2 kg─1 [37]), and laser-
sorting (1500 Sm2 kg─1 [38]). Note that the overnight vacuum baking at 300 °C is intended to remove 
trapped liquid and physisorbed chemical species for better material stability and repeatability. Residual 
acid has the side-effect of conductivity enhancement, even for predominantly metallic CNT textiles, where 
acids and other electron accepting chemical species aid in transport across CNT structure junctions [39] 
[40] [41] - beyond simply adding charge carriers. Figure 2e shows the reduction in conductivity from 
before the vacuum oven to after, showing the effectiveness of the de-doping step. Shifts in Raman spectra 
position have been used to monitor chemical doping [42] [43] or electrostatic gating [44]. When analyzing 
the post-treated samples, there is some correlation between the post-treated conductivity and post-
treated Raman G peak position (Corr. 0.20, Prob. 0.06, see Supplemental section 3)—so some residual 
doping cannot be ruled out. The absolute shift in position is small however, where most (86 out of 93 
measured) have post-treated G peak positions below 1590 cm─1, compared to other studies where 
substantial doping shifted G peak positions to 1600 cm─1 and above [42] [43]. CNT textiles are well known 
to self-dope by atmospheric constituents anyway, so we view our vacuum baking as a practical, though 
not perfect, de-doping and stabilization procedure. Over a period of five months, for example, our post-
treated conductivities were stable within 5% of their initial post-treated value, on average. The fact that 
de-doped specific conductivity can be well above single-crystal graphite is encouraging: as shown with the 
GICs, the highest quality single-crystal graphite leads to the best bulk room temperature conductors 
(150% that of copper) when properly doped [1] [2] [3] [4] [5] [6]. This signals that for CNTs with high de-
doped specific conductivity, after proper conditioning and doping, approaching and exceeding GIC 
performance is not out of the question.  
Tenacity. As shown in figure 2f, the tenacity after the CSA-assisted stretching procedure is also 
substantially improved (0.85 N tex─1 average, 1.6 N tex─1 maximum). For purposes of comparison, note 
our post-treatment morphology is a long, stiff film or ribbon, and not a microfiber. Our tenacity is not as 
high as the highest reported CNT textiles: 2.0 [27] to  3.3 [45] to 3.7 N tex─1 [46] and, with CSA post- 
treatment soaking, 2.19 N tex─1 [47]. At present, the tenacity is closer to fibers made from extruding CSA 
CNT solutions into a coagulant: 1.62 [10] to 1.7 N tex─1 [48]. For reference, high-strength commercial 
carbon fiber can be to 3.4 to 3.9 N tex─1 [12] [49] [50]. Figure 2g shows the relationship between tenacity 
and conductivity. In the as-is material, there is relatively strong correlation (Corr. 0.57, Prob. <0.01) and 
this is in agreement with CNT literature [10] and long-chain conductive polymers [11]; here, the implicit 
dominant parameter affecting both conductivity and tenacity is microstructure alignment. After the CSA-
assisted stretching procedure the correlation is still there (Corr. 0.17, Prob. 0.03), although weaker. This 
decoupling between tenacity and specific conductivity after post-treatment signals that microstructure 
alignment no longer simultaneously drives specific conductivity and tenacity.  
 TGA. Figure 2h shows TGA of the as-is and CSA processed material. As shown, a high amount of residual 
catalyst is present in the as-is material and persists after CSA treatment (~25 – 35% by weight). At best, 
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residual catalyst is merely dead weight or, more likely, also impacts the intrinsic transport [24] [26]; we 
attempted many standard post process techniques [26] [51] [52] [53] [54] to remove the residual catalyst 
both before and after the CSA-assisted stretching process. This includes various combinations of oxidation 
(baking in air 300 to 500 °C), hydrogen peroxide soaking, inert atmosphere annealing (up to 900 °C), and 
additional acid baths (HCl or additional CSA exposure) to remove first any carbonaceous layer protecting 
the catalyst and then the catalyst itself [51] [52] [53] [54]. So far, if purification is applied before stretching, 
this leads to weakened CNT material that easily breaks in CSA instead of stretches. If purification is applied 
after, this, so far, has led to stretched material with compromised properties. Future work is focused at 
successfully reducing catalyst content during the growth process itself. Correlations between other 
properties and residual catalyst will be discussed in the next section and will annotate some previous 
assumptions.    
Raman. Raman G:D ratio has been a qualitative indicator for CNT’s graphitic perfection or degree of 
amorphous carbon contamination. In high-purity situations, the G:D ratio quantitatively indicates CNT 
length or a characteristic length between defects [21] [55]. Figure 2i shows the Raman G:D ratio 
relationship between before and after the CSA-assisted stretching procedure. As shown, the CSA exposure 
lowers the Raman G:D ratio indiscriminately, where there is only weak correlation of G:D before and after 
CSA soaking. In other words, it could be expected that a relatively high as-is G:D ratio, while degrading in 
CSA, should still be relatively high amongst the post-treated samples—this correlation however, if there, 
is weak and at the edge of significance.  
A degraded G:D ratio is the expected general side effect of powerful acids introducing defects and adding 
functional groups to the sp2 structure [52] [56]. Figure 2j shows the various stages of conductivity against 
the various stages of G:D ratio: first, the as-is conductivity versus as-is G:D ratio shows negative correlation 
(Corr. -0.20, Prob. < 0.01); second, post-treated conductivity versus as-is G:D ratio does not show any 
correlation (Corr. -0.02, Prob. 0.78); third, post-treated conductivity versus post-treated G:D ratio showing 
strong positive correlation  (Corr. 0.51, Prob. < 0.01). The evolution of these correlations is noteworthy. 
Post-treated conductivity scaling nearly linearly with G:D ratio has been demonstrated before, under a 
785 nm excitation, for highly aligned CNT textiles [10]. Their findings were that conductivity and 785 nm 
G:D ratio scales nearly linearly with CNT aspect ratio. Unaligned CNT film reports also demonstrated 
conductivity increasing with CNT length [57] [58] [59]. Therefore, the as-is material’s negative correlation 
with G:D ratio was unexpected; we also verified it with another independent dataset of our as-is high-
hydrogen FC-CVD material. A possible explanation is that in less aligned material, CNT junctions have a 
greater impact on the transport. Here, polymeric carbons can possibly even enhance transport across 
junctions [28] [60], while this would tend to lower the G:D ratio. In an unaligned state, the CNT intrinsic 





Figure 3. a, Correlation map of post-treated specific conductivity on the vertical axis against as-is material properties and the 
various CSA processing parameters on the horizontal axis. Blue indicates the whole dataset (with blue correlation parameters) 
and red indicates the subset of conductivity greater than single-crystal graphite. b, Correlation color map showing 
intercorrelations between as-is material properties and selected CSA processing parameters where red indicates positive 
correlation and blue indicates negative. Parameter columns are as indicated; parameter rows are in the same order although 
are omitted for clarity.   
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Univariate Correlations. Figure 3a shows specific conductivity as univariate correlations with as-is 
material properties (as-is conductivity, tenacity, elongation to break, orientation parameter, amorphous 
carbon percentage, graphitic burn start temperature, graphitic burn end temperature, residual catalyst, 
G:D ratio, G’:G ratio, and G’ position) and CSA processing parameters (percent length increase, CSA 
bathing time, chloroform bathing time, acetone bathing time, CSA’s cumulative number of stretches, 
number of rolls in roller, and linear density). Blue data points and shaded regions represent the entire 
dataset; red data points and regions represent a high conductivity subset for specific conductivity values 
above 1100 Sm2 kg─1 (the specific conductivity of single-crystal graphite). These correlations are not 
necessarily causal, and most parameters are partly intercorrelated between each other, meaning they 
cannot be controlled completely independently. Figure 3b shows a color map of all the intercorrelations 
of as-is material properties, sorted so that similarly correlated as-is parameters are clustered together. 
Post-treated specific conductivity’s positive correlation to the “as-is elongation” (Corr. 0.458, Prob. 
<0.001) and negative correlation to “as-is tenacity” (Corr. -0.212, Prob. 0.002) is expected from a 
mechanical stretching process. The positive correlation to “as-is specific conductivity” (Corr. 0.325, Prob. 
<0.001) is similarly expected. There is also correlation to “as-is Raman G’:G ratio” (Corr. 0.381, Prob. 
<0.001). In contrast to the better understood G:D ratio, a universally accepted quantitative interpretation 
behind the G’:G ratio for CNT textiles seem to be lacking, although some literature supports that higher 
G’ intensities are linked to greater metallic SWCNT populations from stronger phonon coupling [61] [62] 
[63]. It has also been shown that G’:G is more sensitive to defects just on the CNT structure, where G:D is 
influenced by both structural defects as well as amorphous carbon [64]. Supplemental section 4 shows 
that the “as-is Raman G’:G ratio” is also strongly linked to the stretching degree.   
In terms of TGA parameters, the negative correlation between conductivity and “as-is residual catalyst” 
(Corr. -0.145, Prob. 0.034) is not as strong as one would expect considering it comprises 25 to 40% of the 
weight; this will be addressed soon in the multivariate modeling. The percentage weight of “as-is 
amorphous carbon”, taking up no more than 10% of the total weight, in fact has a stronger negative 
correlation (Corr. -0.241, Prob. <0.001) than the residual catalyst. Conductivity is correlated to a lower 
“TGA graphitic burn start temperature” (Corr. -0.140, Prob. 0.04) and more strongly correlated with higher 
“TGA graphitic burn end temperature” (Corr. 0.338, Prob. <0.001). Supplemental section 4 and 5 shows 
that “TGA graphitic burn end temperature” is also positively correlated with the CSA stretchability and 
the post-process tenacity. In the intercorrelation map (figure 3b), there is intercorrelation between the 
two as-is TGA parameters (Corr. -0.34 Prob. <0.001) where a higher ending burn temperature tends to 
have an earlier starting burn temperature. It has been shown that residual catalyst lowers the initial 
oxidation temperature of SWCNTs [54] and that production of SWCNTs tend to have greater percentage 
residual catalyst than larger CNTs [51]. Again from the intercorrelation map, indeed, there is negative 
correlation (Corr. -0.348, Prob. <0.001) between “as-is residual catalyst” and “TGA graphitic burn start 
temperature.” Further, there is intercorrelation between “as-is residual catalyst” and “as-is Raman G:D 
ratio” (Corr. 0.23, Prob. <0.001, see figure 3b). A narrative deserving of further exploration is that higher 
“TGA graphitic burn end temperatures” are associated with better quality CNTs and better stretched bulk 
material properties, although this is offset by more residual catalyst production and this lowers the “TGA 





With respect to CSA processing parameters, the “percentage length increase” is by far the strongest 
correlation (Corr. 0.691, Prob. <0.001) to post-treated specific conductivity and this illustrates the 
criticality of microstructure alignment and densification. Shown in supplemental section 4, the 
“percentage length increase” itself is correlated with as-is mechanical properties of high as-is elongation 
and low as-is tenacity; as well as as-is TGA parameters of low “as-is amorphous carbon” and high “TGA 
graphitic burn end temperature”; as well as as-is Raman parameters of as-is Raman G’:G ratio. 
Between other CSA processing parameters and post-treated specific conductivity, there is positive 
correlation with “as-is linear density” (Corr. 0.303, Prob. <0.001) and this bodes well for scale-up. There is 
an unexpected positive correlation (Corr. 0.199, 0.003) with the “cumulative number of dips in the CSA 
bath,” which is cumulative across many samples and is, in effect, the age of the CSA bath. The CSA bath 
noticeably ages over use, turning from clear to golden brown over many sample dips. In some samples we 
incorporated an extra densification step where solvent soaked material was manually-pressed between a 
PTFE roller and slab before the vacuum oven. While other papers reported enhanced conductivity with 
compression in a rolling mill [45] [65], we found the opposite (Corr. -0.282, Prob. <0.001). The stretched, 
solvent soaked fiber irregularly widens after rolling and this degrades the microstructure. In regard to 
soak time, we found that longer CSA soaking (Corr. 0.132, Prob. 0.054) and shorter solvent soaking 
(acetone Corr. -0.199, Prob. 0.003; chloroform Corr. -0.153, Prob. 0.026) link to higher conductivities. 
Recorded parameters that did not find any significant correlation were: “as-is Raman G’ position” (Corr. 
0.02 Prob. 0.76), “as-is Raman G:D ratio” (Corr. -0.020, Prob. 0.780), and “as-is orientation parameter” 
(Corr. -0.090, Prob. 0.190). 
Now we examine how all correlations change when only a high conductivity subset is considered 
(>1100 Sm2 kg─1). As shown in figure 3 (red points and shaded region), as-is material properties remarkably 
are no longer correlated with post-treated conductivity. A few CSA processing steps are still positively 
correlated: the “percentage length increase” impact has approximately halved in strength (Corr. 0.333, 
Prob. 0.02); the “as-is linear density” (Corr. 0.370, Prob. <0.001) and “bathing time in CSA” (Corr. 0.220, 
Prob. <0.048) are slightly stronger than before. The fact that, within the high conductivity subset, most 
correlations have vanished, and others diminished, suggests that a maximum undoped conductivity is 
being reached.  
Supplemental section 5 shows the univariate correlations with post-treated tenacity. Similar to post-
treated specific conductivity, there is a correlation with post-treated tenacity for both “as-is TGA graphitic 
burn end temperature” and “as-is specific conductivity.” Contrasting post-treated specific conductivity, 
however, post-treated tenacity is negatively correlated with “as-is linear density.” Notably, there is no 
correlation between post-treated tenacity and “percent length increase.” These differences explain the 
weaker correlation between specific conductivity and tenacity after treatment, as illustrated earlier. 
Overall the tenacity/ conductivity relationship is now more closely resembling commercial carbon fiber, 
where the highest tensile strength requires a degree of disorder and crosslinking; more ordered 






Multivariate models. Now we build a multivariate statistical model on specific conductivity based on the 
as-is material properties and CSA processing steps. As-is material properties are heavily inter-corelated; 
statistical multivariate modeling will help determine what parameters are most important. It will also 
enable prediction of post-treated conductivity as functions of as-is material properties and processing 
steps, to include a maximum conductivity.  
The “percent length increase” is the dominant univariate correlation to specific conductivity; as a model 
baseline, figure 4a is a simple fit to the 2nd order polynomial expression generated just from the “percent 
length increase” parameter. While noisy, the model shows specific conductivity first linearly increasing 
with “percent length increase” and then saturates at 1300 Sm2 kg─1 near the conductivities of single-crystal 
graphite and iron. The R2 and adjusted R2 are 53% and 52%, the R2 of the test set is 44%. Used for model 
validation, the test set is randomly selected data withheld from the fitting routines. Only after the model 




Figure 4. Two models of specific conductivity: a, the baseline model and, b, the multivariate model with better predictive 
capability. Each model has plots of predicted versus measured conductivities (to judge model quality), as well as plots of the 
model’s polynomial terms. Grey dots indicate the data used for model fitting and black dots indicate the independent test 
dataset, which evaluates the model without bias after fitting.  The multivariate model ranks parameters in order of importance 
and has an interaction term between “percent length increase” and “as-is” elongation.  Because of the interaction, the exact 
behavior of the “percent length increase” plot depends on the value of “as-is elongation” (as indicated by the dotted red line). 
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 A more complex model is shown in figure 4b. This is a fitted second order polynomial expression 
generated from nine parameters, down-selected from the pool of 18 total parameters considered by the 
Generalized Regression with/ Adaptive LASSO routine under Bayesian Information Criteria (BIC). Figure 4 
shows the actual measured conductivities plotted against the model’s predicted values; black points 
indicate the test set. Superior to the baseline model, the R2 and adjusted R2 are 68% and 66%, the test set 
R2 is 60%. More intricate models with better R2 were considered, although generally resulted in inferior 
R2 for test set, indicating overfitting.  
Many of this model’s displayed trends are similar to the univariate analysis. Figure 4b shows the 
parameter importance ranking. “Percent length increase” and “elongation” are the strongest predictors, 
followed by smaller contributions from “number of rolls in roller”, “as-is conductivity”, “chloroform soak 
time”, “linear density”, and “as-is tenacity” as earlier indicated by the univariate correlations. Contrasting 
the univariate correlations, “as-is Raman G’ position” is now relevant where high wavenumber values 
negatively impact conductivity. In general the G’ position is approximately twice the wavenumber as the 
D peak, although in CNTs its exact position is influenced by structural factors such as diameter (smaller 
diameters shift to lower wavenumbers) and number of walls [62] [66]. Another important contrast to the 
univariate analysis is the interaction between “percent length increase” and “as-is elongation”. Figure 4b 
shows a low “as-is elongation” configuration and a high “as-is elongation” configuration. When “as-is 
elongation” is relatively low and the material is most difficult to stretch, greater “percent length increase” 
leads to greater conductivity. As “as-is elongation” increases and makes stretching easier, this trend 
subsides and eventually reverses. Another contrast with the model is “as-is residual catalyst,” where there 
is a non-monotonic response with a maximum at 33%. This explains why the univariate correlation was 
weak, although it is unexpected a maximum exists for a parameter considered dead weight.  We consider 
two possible explanations: 1) the residual catalyst adds to the transport. The specific conductivity of iron 
(1320 Sm2 kg─1) is near the value of single-crystal graphite (1100 Sm2 kg─1) and our best conductivity values 
saturate between these two (figure 3a). The residual catalyst however is known to be various iron carbides 
and oxides, typically encapsulated by amorphous or graphitic carbon shells [51] [52] [53] [54]; it is not 
clear to what degree iron carbon connections could yield a competing percolation path comparable to the 
graphitic structure itself. 2) Earlier we discussed how high-quality CNTs are linked to greater residual 
catalyst; it is possible this interplay results in a complex conductivity response.  
Restricting to values available in this study, the model’s maximum predicted conductivity is 2100 Sm2 kg─1. 
The baseline model’s conductivity saturated at 1300 Sm2 kg─1. It is worth considering that the process and 
high-hydrogen material is approaching an undoped, maximum threshold near these estimates. This is 
above single-crystal graphite (1100 Sm2 kg─1), making an optimized stretched high-hydrogen CNT fiber a 
compelling graphitic host for intercalation doping. That is because, for graphitic intercalation compounds, 
approaching and exceeding copper’s conductivity was based on having the highest host graphite 
conductivity.  Simultaneously, these models’ estimates are not substantially beyond single-crystal 
graphite. Single-crystal graphite is a square millimeter-sized, near-perfect ABAB layered stack of graphene. 
On an intrinsic scale, for both graphene [67] and metallic SWCNTs [68], the room temperature mean free 
path is approximately 1 μm and limited by phonons; so even with the best extrinsic order and alignment 
we do not expect undoped metallic SWCNT conductivity substantially greater than undoped graphite. 
Further supporting this assessment, SWCNT bundles are natural, aligned and highly oriented 
agglomerations of SWCNTs, making them the best tubular analogs to single-crystal graphite. SWCNT 
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bundles experimentally have a conductivity of 1-3 MSm─1 [40] [69], matching single-crystal graphite’s 
conductivity at 2.5 MSm─1. 
Conclusions 
In this report, we have demonstrated a post-synthesis processing treatment for CNT fibers that 
categorically increases their density and microstructural alignment, leading to substantial increases in 
electrical conductivity and strength, and which seems to work uniquely for a novel material class of CNT 
textile — the high hydrogen material. The taffy-like degree of stretching is unprecedented in CNT textiles. 
In order to systematically optimize properties, we presented correlation tables and validated statistical 
models as functions of as-is material properties and CSA processing steps. For conductivity, the degree of 
stretching is the dominant factor. Not all high-hydrogen samples stretch to the same degree in CSA and 
this was largely dependent on as-is mechanical properties. High as-is G’:G ratio is particularly correlated 
with a high degree of stretchability and conductivity; this metric has been linked to greater metallicity. 
The Raman G:D ratio, which is more well known to be correlated with high conductivity, only showed a 
significant positive correlation when considering the post-treated G:D ratio with post-treated 
conductivity. The upper limit oxidation temperature in TGA has also been a good predictor for 
conductivity, stretchability, and tenacity; in [20] this metric is linked to a greater degree of CNTs associated 
with the prominent, metallic RBM at 152 cm─1. 
Correlation tables and statistical modeling indicate that the conductivity is approaching a maximum 
limiting threshold near that of single-crystal graphite and iron in the undoped state. To the degree that 
metallic SWCNTs are simply tubular analogs of graphene, with similar carrier densities and mean free 
paths, we do not expect great differences between the two when closely connected as an interacting 
ensemble (e.g. CNT cables and graphite). A CNT cable, however, is intrinsically more flexible and easier to 
work with than single-crystal graphite and may respond more favorably to doping once a threshold is 
reached (particularly for the semi-conducting SWCNTs). SWCNTs with diameter approximately 1.3 nm and 
double-wall CNTs at approximately 2.5 nm are as dense as graphite [70], and so a greater degree of 
conduction paths may be obtained relative to graphite for a well aligned assembly of smaller CNT 
diameters. Before these fundamental questions are answered however, the residual catalyst must be 
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